To the best of our knowledge, however, there have been no precise reports on whether the phasic coronary flow velocity profile is related to hemodynamic findings in patients with aortic valve disease.
The present study was designed to analyze phasic coronary flow velocity patterns of the proximal portion of the left anterior descending artery with an intravascular Doppler catheter with a fast Fourier transform (FFT) of the velocity signal to assess the relation of coronary blood flow and velocity characteristics to the clinical and hemodynamic manifestations in patients with aortic valve disease.
Methods Patients
We examined 26 patients with chronic AR (14 men and 12 women 33 to 68 years old; mean, 52±12 years) and 12 patients with AS (7 men and 5 women 46 to 60 years old; mean, 53±7 years). Of the 12 patients with AS, 8 had pure AS and the remaining 4 exhibited predominant AS combined with mild AR. All patients with aortic valve disease had normal coronary arteries. We also examined 11 patients (7 men and 4 women 35 to 63 years old; mean, 48±+12 years) who were referred 954 Circulation Vol 88, No 3 September 1993 to our hospital for the evaluation of chest pain. They underwent coronary arteriography and left ventriculography and were found to have normal coronary arteries, LV ejection fraction, and wall motion. Systemic blood pressure, chest roentgenograms, ECGs, and M-mode and two-dimensional echocardiograms were also normal. These 11 patients served as the control subjects. All subjects exhibited sinus rhythm at the time of study. Written informed consent was obtained from each subject. Cardiac Catheterization All cardioactive medications were withheld for at least 48 hours before cardiac catheterization. Right heart catheterization was performed with a 7F balloontipped flow-directed thermodilution catheter, and left heart catheterization was carried out with a 7F highfidelity micromanometer (SPC-474A, Millar, Houston, Tex). Mean pulmonary capillary wedge pressure, LV systolic and end-diastolic pressures, and aortic systolic, diastolic, and mean pressures were measured. Mean coronary perfusion pressure was calculated as mean aortic pressure minus mean LV diastolic pressure. Cardiac output was determined by the thermodilution method. LV end-diastolic and end-systolic volumes and ejection fraction were calculated from a single-plane left ventriculogram using the area-length method.17 AR was estimated by aortography and graded semiquantitatively. 18 range gate were adjusted to obtain an optimal audio signal and a phasic tracing of maximal coronary flow velocity. After the resting coronary flow velocity was measured, maximal hyperemic flow velocity was induced by the intracoronary injection of 10 to 12 mg of papaverine to determine the coronary flow reserve.22 Coronary arteriography was then repeated to measure coronary arterial diameter.
Data Analysis
The Doppler velocity signals were analyzed with the aid of a computer-interfaced graphic analyzer (CARDIO 500, Kontron, Tokyo). Systole was defined as the phase between the top of the R wave on the ECG and the dicrotic notch of the aortic pressure; diastole was defined as the phase between the dicrotic notch and the top of the following R wave. The segment of the coronary artery interrogated by the Doppler catheter was analyzed, and coronary arterial diameter was measured at end diastole by quantitative coronary arteriography using the semiautomatic computer system (CARDIO 500, Kontron). The following variables, expressed as the average of three consecutive cardiac cycles, were obtained: (1) resting systolic (VTIs) and diastolic (VTID) coronary flow velocity-time integrals, defined as the area under the velocity curve during systole and the area under the curve during diastole; (2) VTIs and VTID during maximal hyperemia; (7) 
Coronary Flow Velocity Measurements of Epicardial Artery
Resting VTIs in the epicardial artery was significantly higher and VTID was slightly but significantly higher in the patients with severe AR than in the patients with mild AR and the control subjects, resulting in a significant increase in the ratio of VTIs to VTID (S/D ratio) in patients with severe AR. There were no significant differences in these measurements between patients with mild AR and control subjects (Fig 1 and Table 2 ). None of the patients with AR exhibited diastolic retrograde flow.
Resting VTIs was slightly lower and VTID was higher in patients with AS than in control subjects, resulting in a significantly lower S/D ratio (Fig 2 and Table 2 ). Midsystolic retrograde flow was observed at rest in 9 of the 12 patients with AS (Fig 2) . The aortic valve pressure gradient in the presence of retrograde flow exceeded 49 mm Hg; without retrograde flow, the gradient was <35 mm Hg. The percentage of the area over the retrograde flow velocity curve occurring during systole ranged from 0 to 5% (mean, 3±2) of the area under the systolic and diastolic forward flow velocity curve.
Resting coronary blood flow was greater in the patients with aortic valve disease than in the control subjects. Both the resting VTIs+D and the CSA were significantly greater in patients with severe AR than in control subjects. The resting CSA was also slightly greater in patients with mild AR and was significantly greater in patients with AS than in control subjects, although there was no significant difference in the resting VTIs+D among these three groups ( Table 3 ). The coronary flow per 100 g LV mass at rest was similar in patients with aortic valve disease and control subjects. However, this parameter was reduced during maximal hyperemia in patients with aortic valve disease compared with control subjects (Table 3) . Coronary vasodilator reserve was markedly limited in patients with severe AR and those with AS and slightly reduced in patients with mild AR compared with control subjects (Table 3) . The reserve in patients with AS and angina pectoris with effort was less than that in patients with AS without anginal pain (1.63±0.26 vs 2.18±0.08, P<.01), whereas there was no significant difference in the reserve between patients with AR and angina and those with AR and no angina (2.08±0.41 vs 2.25±0.51). Systolic coronary vascular resistance at rest was slightly decreased in patients with mild AR (P<.05) and greatly reduced in those with severe AR (P<.001), whereas the resistance was slightly increased in patients with AS. Diastolic coronary resistance at rest was significantly lower in patients with severe AR (P<.01) and those with AS (P<.01) and slightly lower in patients with mild AR than in control subjects ( In patients with AR, there was a significant correlation between the resting S/D ratio and the ratio of the aortic systolic to diastolic pressure (r=.75, P<.001) (Fig  3) . The S/D ratio was positively correlated with the aortic regurgitant fraction (r=.83, P<.001) and inversely correlated with coronary vasodilator reserve (r= -.65, P<.001) (Fig 4) . Of the 16 patients with severe AR, 10 patients in whom LV end-diastolic volume index was .180 mL/m2 had slightly but significantly greater resting S/D ratio compared with 6 patients whose index was <180 mL/m2 (0.67±0.11 vs 0.57±0.03, P<.05). In patients with AS, there were significant correlations between the resting S/D ratio and LV systolic pressure (r=-.92, P<.001) and between the S/D ratio and the ratio of the aortic systolic to diastolic pressure (r=.68, P<.05) (Fig 5) . The S/D ratio was positively correlated with the aortic valve area (r=.79, P<.01) and the index of coronary vasodilator capacity (r=.61, P<.05) and inversely correlated with the aortic valve peak systolic pressure gradient (r= -.90, P<.001) (Fig 6) . There was also an inverse correlation between the peak velocity of the systolic retrograde flow and aortic valve peak systolic pressure gradient (r= -.84, P<.01). No therefore used peak flow velocity to calculate VTIs in the present study.
With increasing regurgitation in patients with AR, we found a shift of resting coronary flow and velocity in the epicardial artery from diastole to systole that corresponded to the changes in coronary perfusion pressure. This pattern was more prominent in patients with marked LV dilatation than in those with mild dilatation. Thus, epicardial phasic coronary flow and velocity waveforms are influenced mainly by changes in coronary perfusion pressure in patients with AR. In experimental and clinical studies24,252738 on acute or chronic AR, several investigators have noted a middiastolic backward flow or negative net diastolic coronary flow and a resting S/D ratio >1.0. Although we did not observe such patterns in any patient, they may be attributed to difference in the severity of disease in our patients and those in other studies with more severe regurgitation.
Although patients with AR show systolic-predominant changes in phasic coronary blood flow pattern of epicardial arteries, the phasic nature of intramyocardial blood flow has been reported to be unchanged because an increase in aortic pulse pressure associated with AR augments capacitance effects of the large epicardial arteries, which may distort actual phasic perfusion of the myocardium.39A40 Therefore, it should be recognized that AR produces disparate effects on phasic coronary blood flow pattern in the epicardial arteries and that in the intramyocardial arteries.39,40 Some investigators have proposed the following mechanism by which characteristic alterations in phasic epicardial coronary flow waveform are produced in severe AR25: the low or negative coronary blood flow during diastole leaves the epicardial capacitance vessels partially collapsed. Thus, since pulse pressure increases markedly during systole, the epicardial arteries can store more blood before the development of extravascular compressing forces.
As the severity of AS increased, the systolic component of coronary blood flow and velocity was decreased and the diastolic component was exaggerated in proportion to the striking increase in the extravascular compressing forces during systole, as suggested by a marked elevation in LV systolic pressure, although a weak correlation was found between the resting S/D ratio and the ratio of the aortic systolic to diastolic pressure. Thus, the extravascular compressing forces may be the major factors that contribute to the altered phasic coronary flow and velocity patterns in patients with AS. Systolic retrograde flow of the epicardial artery was observed in the majority of our patients with moderateto-severe AS, although it is worth noting that this flow is more prominent in distal and intramyocardial vessels. [39] [40] [41] We found that the reversal of the flow occurred consistently during midsystole and that the magnitude of the flow, which was closely related to the aortic valve peak pressure gradient, was <5% of the systolic and diastolic forward flows. Clinical Implications In all patients with chronic AR that we studied, the resting S/D ratio was highly correlated with the aortic regurgitant fraction and moderately correlated with the index of coronary vasodilator reserve. In patients with AS, there were significant correlations between the S/D ratio and the aortic valve area, the aortic valve peak systolic pressure gradient, and the index of the coronary reserve. Thus, the present study of the phasic coronary velocity profile in the epicardial vessels provides clinically useful information on disease severity and coronary vasodilator capacity in patients with aortic valve disease.
Potential Limitations
There are several possible limitations to the present study. First, the Doppler catheter itself alters the coronary flow velocity profile across the vessels in the sample volume that is placed near the catheter tip. 35 The catheter underestimates flow velocity in this region. 35 Marked changes in flow volume and pulsatility may further alter the relation between the instantaneous spectral peak velocity and mean velocity. These effects may be exaggerated at the branching and angulation points and in tortuous segments of vessels. Although these may limit the usefulness and reliability of the quantitative flow calculations in our study, we carefully avoided the major branches and the angulations. To minimize the interference effect and thus measure the actual phasic flow more accurately, it would be desirable to use the Doppler-equipped guide wire system.45'46 A second consideration is related to the dependence of coronary flow velocity on hemodynamic changes in patients with normal LV function.47.48 Some investigators have observed an increase in mean resting coronary flow velocity without a change in mean hyperemic velocity, leading to a reduction in the coronary flow reserve, in conjunction with increases in heart rate and LV preload.48 Heart rate and pulmonary capillary wedge pressure did not differ significantly among patient groups in our study. Finally, it is possible that the correlations between the coronary flow velocity measurements and hemodynamic indexes were somewhat scattered in patients with AS because of the presence of concomitant mild regurgitation.
Conclusions
We analyzed the phasic coronary flow velocity patterns of the proximal portion of the left anterior descending artery using an intravascular Doppler catheter with an FFT analysis system to assess coronary blood flow and velocity characteristics and their relation to the clinical and hemodynamic findings in patients with aortic valve disease. With increasing regurgitation in patients with chronic AR, resting coronary flow and velocity shifted from diastole to systole, corresponding to changes in coronary perfusion pressure. In patients with AS, as the severity of disease increased, the systolic component of the coronary flow and velocity decreased and the diastolic component increased in proportion to the striking increase in LV systolic pressure. Thus, hemodynamic changes related to aortic valve disease consistently altered phasic coronary flow and velocity profiles in these patients.
